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Abstract
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image sensor design and ground image processing system design. Study results
show that, with suitable efficiency for ground control point selection and match-
ing activities during data processing, extensive reliance should be placed on use
of ground control points for positioning the images obtained from EQS and similar
programs.
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PREFACE

OBJECTIVES

The primary objective was to evaluate potential EOS image-position-
ing methods using various combinations of satellite data and ground
control points. Secondary objectives were to assess the merits of the
RBV camera for the EOS mission; verify the assumed user requirements
for image resolution, coverage, registration, and positioning; model
the imaging geometry of a conical-scanning Thematic Mapper to assist in
the evaluation of image-positioning methods; and comment on sensor and
ground-processing features that, if developed, might enhance system
performance.

SCOPE

The study made use of information obtained from literature sur-
veys, discussions with NASA personnel monitoring the program, and dis-
cussions with potential users of EOS data. The analyses used to esti-~
mate potential accuracies of different image-positioning methods were
based on photogrammetric experience and state-of-the-art data. The
discussion covers image sensor design factors, position and attitude
considerations pertaining to external EOS geometry, and geometric error
analysis of positioning methods.

CONCLUSIONS AND RECOMMENDATIONS

E0S attitude control system design must be considered as a part
of the image positioning problem for EQS, along with image sensor de-
sign and ground image processing system design. With suitable effi-
ciency for ground control point selection and matching activities during
~data processing, extensive reliance should be placed on use of ground
control points for positioning the images obtained for EOS and similar
programs.

idi
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SECTION 1
INTRODUCTION AND SUMMARY

1.1  BACKGROUND AND GENERAL COMMENTS

This report describes the results of a study carried out by
Bendix Research Laboratories (BRL), Southfield, Michigan, from April
through August, 1972, under NASA/GSFC contract NAS5-21727. The work
was directed toward mapping accuracy considerations for the Earth
Observatory Satellite {EOS) program. Many conclusions are also be-
lieved applicable to earth-resource imaging satellite programs in
general; the primary goal assumed for such programs -is the generation
of geometrically corrected and registered images, positioned with
respect to the earth's surface. The three E0S sensor candidates of
interest were the high-resoclution imagers: the Thematic Mapper
{Seven-Channel Scanning Radiometer), the Return Beam Vidicon camera
(RBV), and the High-Resolution Pointable Imager (HRPI).

The primary study tasks were:

(1) Analyze the relative merits of image-positioning methods
using satellite~data only, ground control peints only,
and advantageous combinations of the two.

(2) Estimate the positional accuracy that can be obtained for
each of the methods.

Additional tasks included:
(3) Assess the merits of the RBV camera for the EO0S mission.

{4) Verify the assumed user requirements for image resolution,
coverage, registration, and positioning.

(5) Model the Imaging geometry of a conical-scanning Thematic
mapper to assist the analyses of the primary tasks.

(6) Comment on sensor and ground-processing features that,
if developed, would further improve system performance.

(7) Define attitude performance requirements in terms of
allowable contribution to positional error.

The need for EOS image-positioning on the earth arises from the
uses planned for the images. Details of interest on EQOS images will
be compared with other kinds of information: ERIS images, larger-
scale aerial images, maps, tabular, and textual information. The
established earth system of latitude and longitude forms a common
reference for all these comparisons. A uniform plane-coordinate re-
ference such as the Universal Transverse Mercator grid is useful for
gome comparisons, and for measuring distance, direction, and area.

1-1



EOS image positions should be defined with respect to one or both of
these coordinate systems. In addition to this absolute position, the
17-day repeat cycle of the ECS images will be of considerable benefit
in making temporal comparisons of phenomena from succesgive EQOS images.
Some analyses require compariscn on a resolution-element basis. As

a result, very accurate relative positioning of one EOS image to an
earlier or later image of the same earth scene is sought. This form of
relative positioning is called temporal registration here. Finally a
single imaging observation of an earth scene is made by several sensors
in several spectral bands. Comparison between images from different
bands and sensors is very useful, once again on a resolution-element
basis. Hence, accurate relative positioning between the resolution
elements of different sensors and spectral bands is important. This
form of positioning is called event registration. Since the EOS
resolution elements will be as small as 20 meters, considerable care
must be taken if temporal and event registration are to be done with
the desired accuracies.

It is possible to produce the EQOS images with no effort toward
providing position and registration. This task then would simply be
passed to the user, who would have to make the necessary investment
in equipment and personnel for his purposes. If there were to be only
one user, this solution would be as effective as any other. Since,
however, there are many different disciplines engaged in the use of
earth-resource data, it is clearly desirable that the image data from
EOS be positioned and registered to the maximum extent consistent with
production requirements before it is released.

Given that EOS image positioning and registration are to be per-
formed, the next questions are, how and how well? This study is con-
cerned with the answer to these gquestions. The study is based upon a
meeting of two different areas of technology with a common goal:
positioning all points in an image with respect to the earth's surface.
Assuming the internal geometry of the imaging sensor is well known,
six external parameters, three translational and three rotational, are
needed to position the image with respect to the earth.

One way of determining these parameters is with the use of satel-
lite data, information derived completely independently of the image
content. Customarily, satellite data consists of (1) the satellite
ephemeris for the three translational parameters, (2) measured and
telemetered spacecraft attitude angles, and (3) calibration or auto-
collimation data to relate spacecraft attitude to image-sensor attitude.
The space images obtained from meteorological satellites have been
positioned exclusively from satellite data. A large body of knowledge
has been developed in the performance of this positioning method,
largely taken from missile and satellite guidance, control, and tracking
technology.



A second way of positioning an image is with the use of ground
control information derived using only image information content.
Ground~control data consist of (1) the known locations of a few earth-
surface features, and (2) the measured locations of these features
in an image. This method of positioning, with various permutations,
has been used for years in the precise mapping of the earth's surface
from aerial photographs. The body of knowledge developed here has
been taken largely from photogrammetry, surveying, and geodesy, dis-
ciplines considerably less familiar to NASA mission planners than
those associated with satellite-data positioning.

The two image-positioning methods have been successfully combined
recently in the Earth Resource Technology Satellite (ERTS) program.
Satellite data initially are used to position all images obtained from
the ERTS spacecraft. The attitude data are taken from horizon sen~
sors and limit the positional accuracies obtained. Ground-control
‘data are used to increase positioning accuracy for a selected number
of images, and also to callbrate and monitor the offsets between the
spacecraft attitude sensors and image sensors. (The ERTS combination
should not be construed to mean that satellite-data methods are in-
herently inaccurate; the Orbiting Astronomical Observatory (QAD)
Program incorporates a stellar tracker to achieve very high (inertial-
reference) attitude accuracies.)

From the ERTS experience, it is clear that both image-positioning
methods have advantages and disadvantages. It is also apparent that
a systems approach to the problem is preferable to one in which image
positioning methods are incorporated after the rest of the program
is complete. The question for EO0S planning, then, is not, "which
method is best for E0S?", but, '"how should the two positioning methods
be combined to give the best approach for E0S?' The combinations
selected for this study may not necessarily be the best, although some
effort was made here to select only the most promising. More extensive
interaction between the two technology areas is needed. In fact, the
major conclusion of the present study has been the recognition that
the photogrammetry/surveying/geodesy technology and the control/guidance/
tracking technology should work together to develop the best positioning
scheme for EOS. Both areas have a specialized technical vocabulary
and audience. It is not reasonable to expect a group well-versed in
one area to master the other and at the same time conduct an adequate
technical evaluation of a many-faceted problem. This conclusion is
borne out net only by this report, but alsc in some of the references
cited which were written from the opposite side of the technological
fence.

1.2 SUMMARY OF FOLLOWING SECTIONS

Section Z of the report presents a short description of the different
positicning schemes that were considered in the study. In Section 3 the
image sensors are discussed, in particular the internal geometry of the
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sensors. This i1s an important subject, since the accuracy with which this
geometry can be described is the limiting consideration in event registration
Offset pointing is also considered, since it represents a departure from

the ERTS geometry and carries with it certain geometric implicatioms. Align-
ment between attitude and image sensors is important for satellite-data
positioning, and is discussed in Section 3.4.1. The value of the RBV camera
as an EOQS sensor is discussed in detail in Section 3.4.2.

In Section 4, the central matters of satellite position determina-
tion, attitude control and measurement, and ground-control point princi-
ples and applications are discussed in some detail.

Section 5 is concerned with the accuracy attainable for the different
positioning methods. Error analyses are presented based on the best
values presently available for the different components. Finally, Sec-
tion 6 presents the significant conclusions of the study. 1In most cases
these conclusions also are stated in the relevant technical discussion.
Recommendations for additional work also are presented in this section,
following as logical extensions of one or more of the conclusions.

One problem in the discussion of internal sensor geometry was found
to be a lack of knowledge about the geometry of a conical-scan Thematic
Mapper such as that implemented in one design under consideratiomn.
Appendix A, written by T. A. Eppes, describes the analysis performed to
better understand the detailed geometry of this sensor. In the course of
the analysis, a Fortran simulation of the scanner geometry was programmed
and exercised. The program and the results of the testing are given in
this appendix.

Appendix B, written by R. J. Ouellette, presents the findings of
a user requirements survey, performed to verify the ground-resolution
needs of EQS image-data users, The survey summarizes many conversations
with technical people in several Government agencies. The informality
of these conversations was useful in obtaining user opinions under differ-
ent circumstances from those used to compile published statements of agency
needs, plans, and programs.
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SECTION 2
POSITIONING TECHNIQUES

Two kinds of exterior orientation information are needed for posi-
tioning the EOS images: the three locational components of image-sensor
" position and the three angular components of attitude. For the RBV
camera, this information is needed only for the moment of exposure. How-
ever, the Thematic Mapper and the HRPI require position and attitude data
continuously over many minutes of uninterrupted image collection. The
goals for position and attitude accuracies are commensurate with the
highest-resolution image sensor. The 20-meter ground resclution of the
HRPI for EOS is equivalent to 0.0012 degree.* These numbers indicate the
magnitudes of interest for EOS position and attitude measurement,

Five components will be considered here in developing image-
positioning techniques:

(1) Best-fit satellite ephemeris, for pesition

(2) Ground control points (GCP) for position and/or attitude
(3) Stellar absolute inertial attitude sensor

(4) Gyro short-term attitude measurement assembly

(5) Horizon-scanning earth-oriented attitude sensor

These components can be combined in several different ways to obtain the
six image-positioning parameters required. Either (1) or (2) must pre-
sent in any scheme to provide the three locational parameters. For the
angular values, the situation is not so simple. Depending on the design
of the attitude control system, no attitude information, a limited amount,
or a great deal may be needed for positioning images.

Five main combinations of the components listed above were selected
for detailed consideration. They are summarized in Table 2-1 and described
in the remainder of this section. Extensive error analysis of the methods
is postponed until Section 5, after additional discussion of the differ-
ent components.

During this study, angles have been seen specified in arc seconds,
decimal parts of a degree, radians, and "milli-earth-~rotation units",

In this section, degrees and decimal parts of a degree are used through-
out for uniformity, simply because the attitude control system specifi-
cation is so expressed in reference (1), (Some standardization of angu-
lar measurement units seems as desirable for reports as the standardi-
zation of linear units.)
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Table 2-1 - Positioning Methods

Components
Ephemeris GCP Stellar Gyro Horizon

Method Positien Data Frequent Occasional Sensor Package Sensor Conditions

SIMS-E X X X

GCP-E X X Good fit of attitude'angle? to
low-order curve within an image.

d .
STMS—EG X(relative) X X X Good relative ephemeris
L accuracy.

GIMS~-E-1 X X X

CIMS—F-2 X X x Smeoothly varying eplzlemerls
error; even gyro drifts,

CIMS—F-3 X % ¥ Good relative epheme::‘ls accuracy;
low and even gyro drifts.

HIMS-E X X X

P-51.367-3



2.1 STELLAR INERTIAL MEASUREMENT SYSTEM (SIMS) AND EPHEMERIS

This method, referred to hereafter as SIMS-E, represents a pure
satellite-data positioning scheme, using components (1), (3), and 4)
from Table 2-1, Ephemeris data define the three translational parameters
of the image sensor. The gyros provide short-term attitude information.
If the gyros are gimballed, this information is provided directly in
some form of local-vertical attitude angles. If the gyros are strapped
down, the rates must be integrated to give inertial attitude angles
which are further processed from the ephemeris to give local-vertical
attitudes. 1In either case, the gyros are subject to drifts and other
anomalies which make them unreliable over some period of time which is
short with respect to the operational life of the EOS satellite. The
stellar sensor provides absolute inertial-attitude fixes at the time
intervals required to update the gyro data.

This method further requires that the angular relationships between
the star sensor, the gyro housing or platform, and the image sensor be
defined to the same or higher accuracies than those needed for the stellar
inertial-attitude fixes. This is called the attitude-transfer require-
ment here, The simplest conceptual way of meeting this requirement is
to mount the three types of sensors directly to one another. This is
possible for only one image sensor, and might well severely impact the
design difficulties for both SIMS and the imager. If direct mounting
is not feasible, SIMS attitude values can be referred to a calibration
block mounted to one of the image semsors. This solution shifts the
attitude—transfer problem to the sensor designer to ensure rigidity
and parallelism between the block and the internal geometry of the imager.
It also is suitable for only one of the image sensors, probably the one
with highest resolution, HRPIL.

The next simplest solution is to mount SIMS and the image sensors
to a common rigid structure; the spacecraft would be the common struc-
ture, but it is difficult to thus maintain a calibrated attitude relation-
ship to the one or two arc seconds needed, The remaining alternative is
gome form of "auxiliary-auxiliary' or tertiary attitude sensor which
monitors the attitude between the image sensor and the stellar/gyro
package. 1In reference (1)* a three-axis autocollimator is suggested for
the tertiary sensor. This may take several forms, and is discussed in
more detail in Section 3.4.1.

The SIMS—E method illustrates the strengths and weaknesses of the
satellite-data technique for image-positicning:

® TImage content is not considered at all for positioning.
® (round processing of image data is completely automatic.

® Reliability of the three types of attitude sensors is of
vital concern.

* ) ) .
References are listed in order of mention at the end of the report,
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® Attitude transfer is needed to relate attitude and image
Sensors.

® Random ephemerils errors impose the ultimate accuracy limit,
even with zero errors in attitude, attitude—transfer, and
internal image geometry.

® Development costsg are largely those associated with space-
qualified reliable attitude and attitude~transfer sensors.

® More spacecraft weight and power are needed beyond that nor-
mally required for attitude control,

2.2 GROUND CONTROL POINTS (GCP) AND EPHEMERIS, METHOD GCP-E

This method represents a nearly complete ground-control positioning
technique, using components (1) and (2) in Table 2-1, Ephemeris data are
used for two of the three parameters, along- and across-track position.
Ground control points are used for the other four unknown parameters, and
also for other parameters associated with mean attitude rates and accel-
erations. The GCP positioning technique iz such that errors in the
ephemeris values are compensated by two of the angular parameters with-
out significant error; the technique is described in detail in Section 4.3.
The ephemeris data are not strictly necessary for the solution, but are
normally available for the satellite anyway, and provide a modest statis-
tical improvement in positioning accuracy.

This method is the only one of the five which does not require or
use telemetered attitude data from gyros on the spacecraft. To achieve
this freedom, some constraints are placed on the attitude behavior of
the spacecraft, other than those originally specified in reference (1):
attitude behavior must be known in advance to be such that deviations
from some simple behavior model will not be in error over a 30-second
period by more than 0.0005 to 0.001 degree in each axis. The magnitudes
of the angles and rates are not of concern. Details are given in Sec-
tion 4.2.

Method GCP-E shows the typical characteristics of the GCP method
of positioning, conmstrained somewhat in this case by the non-framing
EOQS sensors:

¢ The primary component used for imapge positioning is the infor-
mation within the image.

¢ Ground processing of image data requlres some manual operations,
supported by equipment and procedures designed to obtain highest
production.

® The only spacecraft sensor of concern is the image sensor itself.
® Attitude transfer is not required.

® The accuracy limit is determined by image resclution and internal
image geometry, and by the small irregular deviations in attitude
from a smooth low-order curve.
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® Development costs are those associated with an efficiently
operating ground data-processing facility, including some
manual steps.

® No extra spacecraft weight and power are needed.

2.3 STELLAR INERTIAL MEASUREMENT SYSTEM PLUS GROUND CONTROL POINTS,
METHOD SIMS-EG

This method is the first of two hybrid positioning schemes which
were selected for consideration in the study. Components (3) and (4)
are used from Table 2-1, supported by shared limited use of components
(1) and (2). Note from the table that the GCP are used infrequently,
for one or perhaps a few images per orbital pass, rather than in each
image to be positioned. They serve here primarily to detect and remove
biag in the ephemeris. This bias is taken as representative, and applied
ahead and back along the orbital arc to all other images to be positioned.
If the spacecraft structure is suitably stable over a single imaging pass,
the GCP will also solve the attitude-transfer problem,

There are several advantages to this sparing use of GCP over method
GCP-E. First of all, the many fewer GCP to be selected and correlated
mean much less difficulty in a high-production ground processing facility.
This is especially true if a completely digital image processing scheme
is to be used; the lengthy digital image correlation needs are much less
significant than in a method where each image requires correlation of
several GCP. Second, the GCPneed be selected only in areas with highest
image quality. Third, the ephemeris error effects are greatly reduced

_from what they were for method SIMS~-E., Fourth, the need for some GCP
processing also gives a back-up capability for use in the event of
spacecraft attitude—sensor failure. Finally, attitude-transfer hetween
attitude and image sensors can be achieved using GCP instead of pre-
launch calibration.

Unfortunately, some of the negative aspects of methods SIMS-E and
GCP-E also are incorporated in the hybrid SIMS-EG. Development costs
are high, since both precision spacecraft attitude sensors and a ground
processing facility for GCP are needed. Also, as is shown in Section 5,
some of the errors of each method are added in this hybrid method, so
that not much of an increase in accuracy is obtained. More spacecraft
welight and power &till are needed for attitude measurements than would
be required only for attitude control, The reliability of the stellar
and gyro attitude devices is of concern, too, although the GCP capa-
bility does provide some backup.

Table 2-1 shows that an additional condition is imposed on the use
of method SIMS-EG: good relative ephemeris accuracy. Over orbital arcs
of a few thousand kilometers, relative accuracy should be high enough
(see Section 4.1} to make consideration of SIMS~EG worthwhile.



2.4 GROUND CONTROL POINTS PLUS GYRO DATA PLUS EPHEMERIS,
METHOD GIMS-E

This hybrid positioning method removes the attitude-behavior con-
dition imposed on method GCP-E by incorporating telemetered gyro data.
There are three variations of this method to be considered, with a de-
crease In each variation of the amount of GCP needed.

The first, GIMS-~E-1 uses ephemeris data for along-track and across—
track position. Gyre data provide high-frequency relative attitude data.
GCP define altitude and absoclute attitude values for the three rotational
axes. Gyro drifts are considered here to be less than 0.001 degree over
15 seconds, TIf this is not the case, mean attitude rates must be carried
as three additional unknowns in the GCP 1mage-positioning solution. This
means either more GCP must be used to retain a given accuracy, or lower
positioning accuracy for the same number of GCP per image.

The second variation is GIMS-E-2. 1In this case, GCP are not used
in every image for positioning, but only at intervals along an Ilmaging
pass., Between GCP images, the attitudes and positions are interpolated,
with bias-adjusted gyro and ephemeris data used for attitude and position,
respectively. The variation requires fewer GCP operations than GIMS-E-1
and preserves much of the accuracy, but requires better gyro character-
istics and low random error in the ephemeris.

The third variation is GIMS-E-3, Here, extrapolation is used in-
stead of interpolation. GCP are used for a single image, together with
ephemeris and gyro data. Values are obtained for the usual six parame-
ters plus three mean attitude rates. These values are extrapolated
forward and backward along the orbit using ephemeris differences and the
angle- and rate-adjusted gyro data., Even fewer GCP are required here,
in exchange for even better-defined gyro angles and ephemeris.

The three variations differ only in their trade of GCP frequency
for ephemeris and gyro quality. Thus, they share these characteristics:

® Tmage content is used only teo the extent necessary to over-
come gyro and ephemeris deficiencies.

® Ground processing of image data requires some manual opera-
tions, but fewer than method GCP-E, and provides back-up for
gyro failure,

® Reliability of the gyro device on the spacecraft is of concern.

® Attitude transfer is not required, if the attitude between the
gyro reference and the different sensors remains constant
between GCP updates.,

® Ephemeris and gyro error effects can be traded with frequency
of GCP use.

® Costs are in the development of a high-quality gyro package,
as well as manually aided ground processing.



® Some spacecraft weight and power are needed* beyond that
normally required for attitude control.

The variations of GIMS-E place somewhat greater reliance on GCP than does
method SIMS-G, with a consequent decrease in concern over spacecraft com-
ponents and an increase in the required manual processing. The accuracy
is somewhat improved from SIMS-G as well, at least for variation GIMS-E-1.
Accuracy for the other two variations can be traded with ephemeris/gyro
quality and number of GCF needed,

2.5 HORIZON SCANNER WITH GYRO PACKAGE AND EPHEMERIS DATA,
METHOD HIMS-E

This method is included to show back-up capability and a cost/
accuracy benchmark. Method HIMS-E is a pure satellite-data positioning
scheme, using components (1), (4), and (5) from Table 2-1. The method
is functionally the same as that used to position the ERTS bulk images,
although gyro performance is considerably improved. HIMS-E operates
in the same way as SIMS-E, except that the horizon sensor replaces the
stellar mapper or tracker of SIMS-E for attitude updates to be applied
to the gyro data., The horizon data for HIMS-E will result directly (after
some modeled adjustments) in true local-vertical attitude. This iIs dif-
ferent from the situation using SIMS-E, where the attitude derived is
inertial and must be transformed to the local reference frame using
accurate ephemeris data, The horizon sensor cannot approach the stel-
lar sensor for attitude accuracy, although considerable improvements
can be made in the raw data by proper oblateness—effect removal, The
characteristics of this method are qualitatively the same as for SIMS-E,
except that (1) spacecraft-componment costs, reliability, weight, and
power are somewhat less of a problem, and (2) the horizon—sensor error
would be expected to impose the accuracy limit, not ephemeris errors.
Overall, this method is probably the least expensive, and it is certainly
the least accurate,

*
It may be possible to use the ACS gyros for the required attitude
information.
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SECTION 3
IMAGE SENSOR CONSIDERATIONS

The following discussion is particularly concerned with the three
high-resolution image sensors presently proposed for the EOS payload:
the Thematic Mapper, the HRPI, and the RBV camera pair. Some of the ma-
terial will be seen to apply also to image sensors and earth-resources
missions in general.

The EOS orbit and ground-swath coverage parameters are those derived
in reference (1):

(a) Altitude = 980 km above equator, circular orbit
(b) Period = 104.6 minutes
(¢) Inclination = 99+ degrees

(d) Ground-swath width for high-resolution imagers = 185 km
(100 nm), with 10 percent overlap at equator

(e} Revisit time = 17 days
(f) Local time of descending node = 8:39 AM

3.1 INTERNAL GEOMETRY

3.1.1 Thematic Mapper

In reference (1), a conical scan geometry is suggested for
the Thematic Mapper. The conical scan results from an effort to increase
duty cycle without severe weight penalty for a particular resolution.

It is possible that this goal also can be met with an optical design
which results in the more usual straight-line scan geometry, such as
that employed by many aerial scanners. The simpler geometry may be pre-
ferable for ease of processing or some other considerations. Still,
there is nothing in the use of conical scan which inherently limits the
geometric use of the data,

The effect of one conical image-plane scannetr implementa-
tion is shown in Figure 3-1. 1In this figure, the cone is vertical. The
effective imaging geometry is based upon the text and the schematic dia=~
gram contained in reference (1), except that six catoptric probes are
assumed instead of eight, as in reference (3). The six probes divide
the cone base circle into six equal sectors, and 48 degrees of each sec-
tor are used for active scanning (80 percent duty cycle). Six high-
ragolution lines are swept cut in each scan swath, with the detectors
for a given spectral region arranged in a one by six array, as shown in
the figure. To cover a strip 185 km wide on the earth with a 48-degree
central angle of the base circle requires a cone vertex angle slightly
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greater than 26 degrees. The chief characteristic of vertical-cone imag-
ing is that all objects on the earth are scanned with the same nadir
angle. This might appear to be advantageous for multispectral applica-
tions, since the spectral reflectance characteristics of many features
change with viewing angle. . However, the angle formed by the sun, ground
feature, and the scanner detector also is important to spectral reflec-—
tance, and this angle changes during a single scan swath. Thus the
fixed-nadir-angle scanning may not be of significant value.

In Figure 3-2, the scanner just described has been mounted
in the spacecraft with a forward tilt of one-half the vertex angle. As
a result, the arc formed on the earth by a single scan swath passes
through the spacecraft nadir at the swath center, with increasing nadir
angle toward the ends of the swath, This configuration supposedly results
in a more "natural" viewing geometry, since it is more nearly that of a
conventional scanner sweeping a straight line from side to side through
the nadir (e.g., the ERTS MSS scanmer). A more tangible reason for tilt—
ing the cone is to reduce the positional error caused by terrain relief
variations. Figure 3-3 shows the projective displacement, d5, of a hill-
top away from its orthogonal position. The displacement is equal to
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h(S/H). For the vertical-cone E0S imager shown in Figure 3-1, the ratio
of S/H is nearly one-fourth throughout each scan line, so that all points
on the terrain are differentially displaced radially from the nadir by
amountg equal to one-fourth their height differences., For the tilted-
cone Imager in Figure 3-2, no terrain relief displacements occur at the
center of each scan line, where S/H is zero. Displacement effects in-
crease away from scan center until, at the ends of scan, they are nearly
as great as for the vertical-cone imager. But the near terrain displace-
ments still are significantly less for the tilted-conme than for the
vertical-cone imager, Such displacements are noticeable only in a posi-
tional sense, with respect to the map locations of image features; for
either of the scanning cone configurations, any terrain displacements
will repeat on subsequent imaging passes. Thus temporal registration
will not be affected. :

The instantanecus field of view (IFOV) for the Thematic
Mapper was originally specified as 66 microradians for the six high-
resolution channels described in reference (1). At the nominal EOS al-
titude of 980 km, a single high-resclution scan swath will contain 6 x
2,870 samples, and the swath thickness will be 388 m. As a result of
the EOS Mission Review Group's conclusions, reference (2), the original
IFOV will be reduced. The present goal is 44 microradians. If this is
achieved, a single scan swath will contain 6 x 4,300 samples, and the
swath thickness will be 259 m. The rotation rate of the wheel containing
the six sets of scanning probes will be about 2,7 rps for the 66~micro-
radian IFOV and 4.1 rps if the 44-microradian goal is achieved,

Details of the conical-scan image geometry, its interaction
with earth-rotation effects, and the effects of attitude and altitude
variations are described in Appendix A.

3,1.2 High Resolution Pointable Imager (HRPI)

This device presently is planned as a solid-state linear
array of 1,800 detectors for each of 4 spectral bands, each detector
with a 20 m square IFOV. The resulting geometry is that of a straight
line 20 m wide and 36 km long, normal to the spacecraft velocity vector.
The sensor can be rotated about the velocity vector to image any part
of the 185-km wide Thematic Mapper coverage. If the Thematic Mapper is
made capable of off-axis pointing, the HRPI may be required to follow;
this requirement is not yet defined.

The extremely simple internal geometry of the HRPI has been
aptly compared to a pushbroom, A straight line is scanned, with a fixed
spatial relationship between all the detectors forming the line. As the
spacecraft moves forward, this line is "pushed" ahead, covering the area
of interest in a continuous swath,
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3.1.3 Return Beam Vidicon Camera (RBV)

The RBV camera is familiar from its application as a multi-
spectral imager in the ERTS program. For EOS no multispectral capability
is to be used. The camera is proposed as a single-band (panchromatic in
one reference) sensor to obtain reference images of higher resolution
and greater locational accuracy than those provided by the Thematic Mapper.
The RBV images also are to "aid greatly in achieving the desired location
accuracy" for Thematic Mapper images, reference (2).

A pair of 2-inch RBV cameras have been recommended for EOS.
Each has a focal length of 250 mm, twice that used for ERTS, and covers
an area about 98 km on a side. The cameras must be tilted about 2.5
degrees, one to the left and one to the right of the ground track. Ex-
posure and readout alternate between the two cameras.

A total of 4,500 television lines per image are to be scan-
ned (the ERTS RBV tubes are scanning 4,125 lines), equivalent to a ground
pixel (theoretical picture element) of 22 m on the earth. But image
motion compensation will be required if effective resolution is to be at
all commensurate with this pixel dimension.

Since the RBV cameras are basically analog television image
sensors, the image distortion can be expected to change during any exten—
ded period. To enable the detection and correction of these random dis-
tortions, each of the RBV cameras for E0S will contain a reseau, a grid
of marks etched on the camera faceplate. The measured locations of the
reseau marks provide geometric calibration data. The same marks will
appear in the RBV images and can be used to remove most distortions in-
troduced during the readout sequence. For the ERTS cameras, the reseau
array contained 81 marks in a regularly spaced 9 by 9 array. Some modi-
fications to this pattern are recommended below,

3.2 GEOMETRIC DESIGN CONSIDERATIONS

In this discussion, the specific E0OS image sensors are not so much
of interest in their own right, but as examples of the geometric problems
and potential in the design of image sensors. A great deal of geometric
diversity is possible in designing image sensors to be used in earth-
regsources spacecraft, This stems from the different requirements to be
satisfied by the sensors. Typically, high duty cycle, low weight, low
volume, and low power requirements are sought, Under some conditions,
by permitting '"unusual’ imaging geometry —-- and any departure from a
central perspective projection is sometimes considered unusual —-— some
of the other goals can be more nearly achieved. This is the rationale,
for example, guiding the conical-scan geometry being considered for the
Thematic Mapper design.

For image positioning and registration, there is nothing inherently
"wrong" about incorporating unusual geometry in the design of an image
sensor. However, it is important that the geometry be well known. Only
with known internal geometry can the image data be effectively positioned,.
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Three methods can be considered for providing the image geometry
information, The first is to correlate the image data point by point
against a master image for which the geometry is known. The correlation
process can be analog or digitlal. The great advantage of this method
is the lack of attention needed in image-sensor design., On the other
hand, the method is quite slow (particularly when using digital methods),
it requires continuous tracking teo maintain the correlation process, and
it will fail when adequate image detail is not present, references (27,
28), or when images from spectrally different regions are being matched,
reference (26). It is clearly unsuited to high-throughput situations.

The second method is to provide advance calibration data on the
image sensor geometry. This enables direct mathematical modeling of
the sensor. The calibration data can be derived from grid images made
in the laboratory, or from images collected over a test range containing
a large array of ground control points. If this method is used, some
care must be taken during image-sensor design to ensure geometric sta-
bility, Stability does not necegsarily mean geometric gimplicity, al-
though data processing may be speeded if the geometry is simple. In any
case, data processing proceeds quite rapidly using advance calibration
data,

The third method of providing geometric information is to provide
calibration data pertaining to each image. Typically, this is done by
providing a reseau (grid) in the image. An intermediate amount of effort
is required in both the sensor design and the image-data processing,
compared with the first two methods. The image sensor must be geometri-
cally "well-behaved" between adjoining reseau marks, so that some form
of interpolation will adequately describe the image geometry. Also, the
normal data processing operation must provide for the identification
and measurement of the reseau marks in the image data, in order to pro-
perly calibrate the internal geometry for each image. This is a time-
consuming operation, although much less so than point-by-point image
correlation over the entire format.

In practice, the second and third methods often merge., The ERTS
multispectral scanner (MS5) uses the second method, advance calibration.
Even so, some analysis based on GCP residuals will be needed during the
operational life of the MSS to detect possible changes in internal geo-
metry. This analysis could be done easier using optional timing lines
within each scan. The ERTS RBV camera array incorporates the third
method of providing internal geometric information. Early ERTS data
has shown that the random shifts in the internal geometry of the RBV
cameras are smaller or slower than originally thought, reference (4).

If this behavior is characteristic, the reseau data from one image
can be applied to a number of subsequent images, thus becoming a form
of advance calibration.
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Several points merit special consideration by image-sensor designers
for EOS-type missions:

(1) An interrelationship exists between the attention paid to
geometric properties during design and the attention that
must be given to the geometric processing needed to pro-
cess the image data obtained with the sensor.

(2) Stability is the most important geometric design consid-
eration; adequate geometric stability should be provided
in such form that only infrequent off-line methods need
be used to monitor and update internal image geometry.

(3) Adherence to a particular geometric pattern for an imaging
sensor is not always a necessity, provided the sensor gives
the desired ground coverage and the geometry can be ade-
quately described. This freedom in selecting geometry is
greatest when extensive and complex processing must be
applied to the image data for other reasous.

(4) Sensors with moving components require special calibration
of their interaction with the spacecraft structure; depend-
ing on the frequencies involved, satellite attitude control
may be degraded (Section 4.2), image-sensor geometry may
be degraded, or image quality may be reduced.

3.3 OFFSET POINTING

One or more of the EOS image sensors is presently planned to have
some capability for commanded cffset pointing. Such capability has
several advantages for data users, including avoidance of clouds or haze
and the ability to image phenomena which are short-lived with respect
to the normal 1l7-day repeat cycle.

At the equator, to center the Thematic Mapper on the adjoining
ground swath to the east or west of the ground swath currently beneath
the spacecraft, a roll angle of 10.7 degrees is needed. To center on
the second ground swath east or west requires a roll angle of 20,5 de-
grees, The third swath requires 29 degrees of roll. These angles are
maxima, decreasing with increasing latitude,

For purposes of data management it is most desirable to constrain
the offset pointing capability to integral ground swaths. This is no
hardship for users, since the coverage will be complete, and will cor-
relate well with the normal images for the same ground swaths obtained
in the normal downward-pointing meode., Since the overlap between suc-
cessive ground swaths is a function of latitude, the amount of angular
offset to be provided for the sensors must also be variable as a function
of latitude, 1f offset imaging is to cover integral ground swaths,

Reference (1) shows that some misunderstanding of the offset point-
ing requirements may exist. The spacecraft motion supplies one dimension
of a scanner image. This motion is quite rapid with respect to the



time-gcale for earth-resource phenomena and cloud coverage. For example,
by pitching a scanner in the EOS orbit ahead by 30 degrees, an image can
be obtained only 1.5 minutes soconer than it would have been obtained by
leaving the scanner vertical. Hence, there is no need to provide for

a pitch offset. Gross yaw offset is not required either, at least for
scanners which sweep rapidly compared to the earth's rotation effect.
(There may be some rationale for a very small yaw offset to be provided
by the spacecraft attitude control system as a function of latitude, in
order to eliminate very small gaps in scanmer coverage; this is discussed
in Appendix A.) As a result, only a single axis is needed for offset
pointing. One-axis pointing is considerably easier to design and imple-
ment than a three-axis offset.

Control of the pointing angle is the next item for consideratiom.
Control can be provided in fixed large increments, such as five degrees,
or in much finer increments. There is no need for extremely fine angular
control here, since the image sensors cover several degrees, On the other
hand, as mentioned above, efficient data management (cataloging, indexing,
processing requests, retrieving image data) of the thousands of images
which will be obtained dictate that the pointing be confined to Integral
ground swaths, referred to normal repeat cycle. The pointing precision
should be about the same, too. For BERTS, repeat precision is ten percent,
If the same figure is applied to EOS, the pointing increments need be mno
finer than about 0.5 degree. A stepper motor applying angular increments
of this size would provide ground swath repeatability of about 6 percent,
and 128 steps would cover the 60-degree range needed to step over 3
ground swaths to either side., To minimize the effects of disturbance
torques on spacecraft attitude stability, it is necessary to implement
the sensor offset pointing well in advance of any planned high-resolution
image collection. The lead time depends on the attitude control system,
the design of the pointing device, the moment of the pointing optics,
and the placement in the spacecraft.

The accuracy with which the offset angle must be measured depends
on the method used to position the image. For GCP techniques, measure-
ment is not strictly needed at a2ll, although some gross indication may
be helpful in locating GCP for correlation. Satellite~data positioning
methods require that the offset angles be measured with the same high
accuracy as the spacecraft attitude angles. It may be desirable to
avoid this high accuracy measurement by using only GCP for positioning
off-axis images, even though the normal downward-looking images are
positioned primarily with satellite data.

In regions of moderate terrain relief, some degradation in temporal
registration accuracy must be expected when comparing off-axis images
with the normal downward-looking images (Figure 3-4). The extent of
misregistration caused by this effect depends on the height of terrain
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Figure 3-4 - Terrain Displacement from Offset Pointing

and the differences in the two imaging angles, and is given approximately
by

_ (214) -
ds = ¥5gpy N dh = 0.22 N dh

where
ds = misregistration
N = number of ground swaths between the two images
being registered
dh = terrain elevation

The terrain elevation dh is measured above mean terrain if GCP are used
for positioning, or if spacecraft data are being used together with a
world-wide mean terrain model. TFor spacecraft-data positioning without
such a model dh is measured above mean sea level.
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A positive way in which to consider terrain displacement is as a
new capability for stereoscopic viewing. Even for a single ground-swath
offset, an adequate stereo effect will be obtained. Terrain height deter-
mination can be performed under these conditions, with a relative error
of

980 4.6

= n

" T 215 8 "p p

where

standard error of relative height determination

™h
m
p
3.4 OTHER SENSOR CONSIDERATIONS

"

standard error of position repeatability

3.4.1 Attitude Transfer

Some positioning methods depend on auxiliary data to deter-
mine the attitude of the imaging sensor. One of these methods may be
used for E08., If so, it is necessary to know the relative attitude be~
tween the auxiliary attitude sensor and each of the high-resolution image
sensors, This is the attitude transfer requirement discussed in Sec—
tion 2, The rms error with which this attitude should be known is com-
mensurate with the rms error expected from the attitude sensor. Teo keep
the effects of error to beneath significance in a root—sum-square error
sense, the positional contribution of error normally must be held to
one~third of the root-sum-square positional error from all other causes.
For EQ0S, the rms error goal being used here is one HRPI resolution ele-
ment, or 20 meters, The corresponding combined effect of attitude=-
transfer error goal then iz 6.7 m/980 km or 0.00039 degree, about one-
second of arc.

It is not necessary, or even desirable, to devote effort
before launch to calibrating the attitude-transfer angles. They can be
more meaningfully measured after launch using GCP in a single bias~removal
calibration. However, some assurance of rigidity is needed so that
these calibration values can be used with confidence.

The most straightforward way of achieving such rigidity
would be to mount the image and attitude sensors together., This may not
be possible for many reasons. But if the image and attitude sensors are
mounted separately to the spacecraft structure, it appears to be very
difficult to design the spacecraft with adequate rigidity to maintain
such a high alignment accuracy., This leads to a tertiary-sensor method
such as that suggested in Section 7.7-1 of reference (1). With this
method, an additional optical device is used to measure and record the
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three-axis misalignment between the external attitude sensor (a star
mapper in this case) and one or more of the high-resolution image sen-
sors. The alignment data obtained in this way would be telemetered to
the ground receiving station along with the attitude-sensor data. This
solution gives the greatest freedom to spacecraft design and to the place-
ment in the spacecraft of the different sensor packages, and is undoubt-
edly feasible, However, it places another set of unknowns in the posi-
tioning problem, requiring additional reliability, cost, and care during
system design to ensure adequate performance. It may be possible to com~
bine the attitude alignment into either the auxiliary attitude sensor

or the high-resolution image sensors, to either automatically maintain
some fixed three-axis relationship or else record and compensate for
deviations. Unfortunately, this solution simply shifts the problem to
the image-sensor or attitude-sensor designers.

It must be noted again that a positioning method for which
GCP are used with each image is not affected by these considerations.
A gyro package may be needed for the scanning imagers, but such devices
provide only attitude differences, over periods of time which are short
enough to assume a constant angular alignment between gyro package and
image sensor.

A second kind of sensor alignment concerns the different
image sensors alone. To image the same area, these sensors must be
boresighted before launch. Sometimes an array of imagers is intended to
operate as a single composite image sensor; the array of three multispec~
trally filtered RBV cameras used for ERTS is an example. An inordinate
amount of effort appears to be spent sometimes in the prelaunch bore-
sighting of image sensors. For the relatively large areas typically
being imaged, a misalignment of 0.1 degree is certainly permissible.
This can be achieved with little effort. 1In general, the additional ef-
fort spent aligning image sensors more accurately could be more profit-—
ably devoted to designing ways to maintain constant alignment after
launch,

3.4.2 Framing Camera Utility

In reference (2), the addition of the RBV cameras to the
original EOS sensor complement was recommended for two reasons. The
first is to provide higher spatial resolution than the Thematic Mapper
{20 m for high-contrast and 50 m for low-contrast targets is quoted in
reference (2)), with a corresponding capability for high location ac-
curacy. The second is to somehow 'relate the spectral and spatial data"
of the Thematic Mapper, and so "aid greatly" in accurately locating
Thematic Mapper image data (quotes are from reference (2)). Thus the
advantages cited are (1) the effective resolution of the RBV camera
versus other sensors, (2) the attainable positional accuracy for the
RBV images, and (3) the ability to effectively use the RBV images as
locational references for Thematic Mapper images. These three points
will be considered in order.



First, the rescolution advantage. Rescolution is not a pri-
mary concern in this study, although it is unavoidably involved in some
considerations. Resolution is not simply given by the theoretical pizel
(picture element) size of the RBV camera, any more than by the instantan-
eous field of view (IFOV) of a scanner. Effective signal-to-noise ratio
also must be considered. 1Initial ERTS images already have shown that the
net image quality of the scanner with its 75 m IFOV is higher than that
of the RBV camera with its 45 m theoretical pixel. Part of the reason
for this may be the shading and mottling in the RBV images. A second point
in connection with RBY resolution concerns image motion. During a nominal
0.010-second exposure, the camera moves over 60 m. Image motion already
is blurring the ERTS 45-meter theoretical pixel size. There is no peint
in doubling the ERTS-camera focal length to obtain a theoretical 20-meter
ground pixel unless some form of image-motion compensation is provided.

The second advantage cited for the RBV is that of locational
accuracy. A framing camera is not necessarily of high geometric accuracy
simply because it is a framing device. This is the very reason why sim-
ple amateur cameras are not used for photogrammetric mapping. The RBV
camera is geometrically a framing sensor, but the reseau on the faceplate
tegtifies to the need for extensive and continuous monitoring of the
geometric stability. During data processing, each of the large array of
reseau marks must be located and accurately measured, even in the pre—
sence of background imagery. This task cannot but add appreciably to
the total data processing time necessary. At least some of the reseaun
marks must be checked in each image, reference(4), or series of images,
to look for shifts in the distortion pattern. In fairness, early ERTS
RBV images show rather good short-term stability of the image distortioms.

The third stated advantage of the RBV camera concerns its
ability to serve as a locational reference for Thematic Mapper images.
The locational accuracy of the Thematic Mapper is discussed separately
in Section 5. It is not in need of an RBV camera to be improved. For
the present discussion, however, the accuracy of the Thematic Mapper
image is not so much of interest as the mechanics of using one image to
position another. Appendix G-3 of reference (2) recommends investigation
of image correlation techniques to spatially relate the RBV and other
images. Automatic image correlation techniques, both analog and digital,
are well known, references (26, 27, 28, 29, 30), both for use in con-
touring and profiling the earth's surface and for simple image matching.
The ERTS precision processing subsystem incorporates a modification of
this electronic image correlation experience to precisely lock on sel-
ected ground control points. It must be emphasized, however, that there
is a tremendous difference between correlating a few small areas specially
chosen for their pattern and contrast and correlating continuously over
the entire image. The problem is increased when attempting correlation
between images from different spectral regions, reference (26). Experi-
ence gained at these laboratories and elsewhere has shown that image
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correlation is a useful tool when used with discretion, human judgment, .
and manual back-up. This is true for digital as well as analog or hybrid
applications, But correlation of all image details is extremely time-
consuming; its wholesale application has no place in a high-production
environment, and should not be comnsidered further.

Summarizing the discussion above,

® Regolution: The RBV camera would need image-motion
compensation and some other improvements before any
comparigon of net image quality is meaningful.

® Gecmetric accuracy: The reseaus require lengthy
processing and periodic checking by methods ill~suited
to automatic cperations in order to maintain geometric
quality; the quality is not demonstrably higher than
that of the Thematic Mapper.

9 Locational reference: The image correlation process
is far too time-consuming and unreliable for high-
production application in matching Thematic Mapper
image detail to RBV images.

In conclusion, then, an RBV framing camera on E0S will not affect Thematic
Mapper positioning or registration. With improvement, the RBV may have
merits of its own in terms of resolution or as a backup sensor. Still,
there may be other imagers with similar attributes and they merit equal
consideration, in which cost, weight, power, and data processing complex-
ity are balanced against usefulness of the images. Other use may be
preferable for the weight and power entailed; an on-board data-filtering
or compression package to cut transmission data rates 1s one possibility.
A backup Thematic Mapper or Extended HRPI are others.

If, in gpite of these arguments, the RBEV camera is approved
as an EOS sensor, some form of image-motion compensation device must be
provided for the camera. 1In addition, the existing reseau pattern should
be changed as follows:

(1) Reduce thickness of reseau crosses by at least 50 percent.

(2) Scribe crosses as X's rather than +'s, with respect
‘ to raster.

(3} Change spacing so reseau density is higher at edges
and corners, but total number of reseaus remains
the same,

3.4.3 Data Compression

Although it is not a subject for the present study, the
high data rates associlated with EOS cannot help but impress the observer.
In the next few years, users can be expected to demand even greater spa-
tial reseolution, further increasing the data rate. One way of limiting
the data rate is through omboard processing and filtering of meaningful



information. This approach is already being pursued. Another method

is to sense and/or transmit data for only those spectral regions and
resolutions currently of interest. There still appears to be some di-
versity of op